Glycoprotein hormone receptors [thyrotropin (TSHr), luteinizing hormone/chorionic gonadotropin (LH/ CGr), follicle stimulating hormone (FSHr)] are rhodopsin-like G protein-coupled receptors with a large extracellular N-terminal portion responsible for hormone recognition and binding. In structural models, this ectodomain is composed of two cysteine clusters anking nine leucine-rich repeats (LRRs). The LRRs form a succession of b-strands and a-helices organized into a horseshoe-shaped structure. It has been proposed that glycoprotein hormones interact with residues of the b-strands making the concave surface of the horseshoe. Gain-of-function homology scanning of the b-strands of glycoprotein hormone receptors allowed identi®cation of the critical residues responsible for the speci®city towards human chorionic gonadotropin (hCG). Substitution of eight or two residues of the LH/CGr into the TSHr or FSHr, respectively, resulted in constructs displaying almost the same af®nity and sensitivity for hCG as wild-type LH/ CGr. Molecular dynamics simulations and additional site-directed mutagenesis provided a structural rationale for the evolution of binding speci®city in this duplicated gene family.
Introduction
The glycoprotein hormones, thyrotropin (TSH), lutropin (LH), chorionic gonadotropin (hCG), follitropin (FSH) and their receptors (TSHr, LH/CGr, FSHr) constitute an interesting example of coevolution. The hormones are heterodimeric glycoproteins made of an a subunit common to all four proteins and hormone-speci®c b subunits encoded by paralogous genes. The corresponding receptors are also encoded by paralogous genes: they constitute a subfamily of G protein-coupled receptors characterized by a large N-terminal extension (359±414 residues) and a rhodopsin-like transmembrane domain (see Figure 1A ; for reviews see Dias and Van Roey, 2001; Ascoli et al., 2002; Szkudlinski et al., 2002) . While the serpentine domains of individual glycoprotein hormone receptors are functionally interchangeable and display high sequence identity (~70%), the ectodomains are less similar (~40%) and are responsible for the speci®city of hormone recognition and binding (Braun et al., 1991; Cornelis et al., 2001; Remy et al., 2001; Schmidt et al., 2001) .
The atomic structures of partially deglycosylated hCG and FSH have been determined (Lapthorn et al., 1994; Wu et al., 1994; Fox et al., 2001) , showing that the glycoprotein hormones belong to the cystine-knot protein family ( Figure 1D ). The structures of the ectodomains of the receptors are not available, but their sequences are suggested to contain nine leucine-rich repeats (LRRs) anked by cysteine-rich domains. This allowed modelling of the LRR portion of the ectodomains of the TSHr and LH/CGr (Jiang et al., 1995; Kajava et al., 1995; Bhowmick et al., 1996) on the template of the crystal structure of the ribonuclease inhibitor (Kobe and Deisenhofer, 1993) . According to these models, each LRR is made up of 20±24 amino acids forming a b-strand followed by an a-helix. The LRR units are arranged with their b-strands and a-helices parallel to a common axis and organized spatially to form a horseshoe-shaped molecule, with the b-strands and a-helices making the concave and convex surfaces of the horseshoe, respectively ( Figure 1B ). By analogy with the atomic structure of the ribonuclease±ribonuclease inhibitor complex (Kobe and Deisenhofer, 1995) , it is assumed that hormones make contact, mainly but not exclusively, with the b-sheets of the inner concave portion of the horseshoe.
Guided by the structure of hCG, several groups have shown, by gain-of-function studies with chimeric molecules, that glycoprotein hormone speci®city is strongly determined by the`seat-belt' portion of the b subunits (Dias et al., 1994; Moyle et al., 1994; Grossmann et al., 1997) . In addition, epitope mapping with monoclonal antibodies suggested that the hormones contact their receptors by their concave side (which corresponds to the b seat belt, b loop 2, a loop 2 and a C-terminus; see Figure 1D ) (Moyle et al., 1995; Remy et al., 1996) and, at least for hCG and FSH, seem to dock with their receptors in the same orientation (Wang et al., 2000) . Up to now, the structural determinants of the receptors involved in recognition and binding of the hormones have been studied mainly by a strategy based on loss of function Ascoli et al., 2002; Szkudlinski et al., 2002) .
In the present study, we relied on the predicted threedimensional structure of the LRR domains of the glycoprotein hormone receptors to devise a gain-of-function Glycoprotein hormone receptors: determinants in leucine-rich repeats responsible for ligand speci®city The EMBO Journal Vol. 22 No. 11 pp. 2692±2703, 2003 site-directed mutagenesis strategy, with the aim of exchanging the recognition speci®city of some of the hormone± receptor couples. We show that substitution of eight residues of the TSHr or two residues of the FSHr into the corresponding amino acids of the LH/CGr resulted in constructs displaying almost the same af®nity and sensitivity for hCG as the wild-type (wt) LH/CGr. Molecular dynamics simulations and additional site-directed mutagenesis provided a structural rationale for the evolution of binding speci®city between these two families of duplicated genes.
Results

Overall strategy
According to proposed structural models (Jiang et al., 1995; Kajava et al., 1995; Bhowmick et al., 1996) , the inner surface of the horseshoe is composed of seven residues: X 1 X 2 LX 3 LX 4 X 5 ( Figure 1C ). The motif X 2 LX 3 L is considered to be a typical b-strand while X 1 and X 4 , X 5 are parts of the neighbouring loops (Kajava and Kobe, 2002) . The side chains of the L residues are pointing inside the hydrophobic core of the protein and are important for its stability. The side chains of the X residues are predicted to be exposed to the solvent, making the surface of the horseshoe available for interaction with the ligands. This view is supported by the observation that X residues are mostly not conserved between the three glycoprotein hormone receptors, including high variability in charged positions, suggesting that they could be important for the binding speci®city. Our gain-of-function screening strategy consisted in the replacement of all the X 1,2,3,4,5 residues of the b-strands of the LRRs of the TSHr or FSHr by their LH/ CGr counterpart (see Figure 2 ). For simplicity, we will use in the rest of the manuscript the term`b-strand' to describe the X 1 X 2 LX 3 LX 4 X 5 amino acid stretches of the LRRs, even if only X 2 LX 3 L are, structurally speaking, typical bstrands. A total of 151 mutants were generated in the course of our study, and tested functionally by transfection in COS-7 cells. Although many contributed in one way or another to the elaboration of the ®nal picture, for convenience, the description and phenotype of the majority of them are described in detail in Supplementary data.
Transformation of TSHr into LH/CGr
First we exchanged each X 1 and X 5 residue of the TSHr, individually, into their LH/CGr counterparts (Figure 2) . (Kajava et al., 1995; Bhowmick et al., 1996) , the inner surface of the horseshoe is composed of seven residues: X 1 X 2 LX 3 LX 4 X 5 . The motif X 2 LX 3 L is considered to be a typical b-strand (represented by a¯at arrow) while X 1 and X 4 , X 5 are parts of the neighbouring loops (Kajava and Kobe, 2002) . (D) Schematic representation of the crystal structure of hCG (Protein Data Bank entry: 1HCN). The`seat-belt' portion of the b-subunit is composed of the`Determinant loop' and thè Carboxy terminal loop' (respectively between Cys93 and Cys100, and between Cys100 and Cys110 ). Figures were created using MolScript v2.1.1 (Kraulis, 1991) and Raster3D v2.5 (Merritt and Bacon, 1997) .
Similarly, the X 2 , X 3 , X 4 residues (X 2,3,4 ) in each b-strand were exchanged three at a time. In a second step, we dissected the X 2,3,4 triple mutants displaying interesting phenotypes into individual (X 2 , X 3 or X 4 ) or double (X 2,3 , X 2,4 , X 3,4 ) mutants. In a last step, we combined into individual constructs, selected mutations responsible for a gain-of-function phenotype. All these mutants are described in Supplementary table I. The vast majority of the mutants were well expressed at the cell surface, with only a limited number of exceptions. First, when I60A mutation in the ®rst LRR of the TSHr was combined with other mutations, a moderate to drastic reduction of expression was observed. Also, a drastic decrease in expression was observed when combining triple (X 2,3,4 ) mutants of LRR 3 and LRR 7 . Expression could be rescued, however, by further inclusion of triple X 2,3,4 mutations of LRR 4 . These data illustrate the tolerance (and its limits) of the LRR structure to amino acid substitutions. They are described in detail in Supplementary table I. The stepwise exchange strategy described above led to the identi®cation of eight amino acids of the TSHr that, upon replacement by the corresponding residues of the LH/CGr, conferred individually a gain of sensitivity towards hCG (see Table I , Figure 3B and Supplementary ®gure 1). Two of these residues belong to the ®rst LRR, three to the second and three to the seventh ( Figure 3B ). No X 1 residues are involved. Interestingly, the gain of sensitivity of the individual mutants was additive, as the stepwise inclusion of mutations led to an eight residue TSHr mutant displaying the same sensitivity and af®nity towards hCG as the wt LH/CGr (Figures 3A and C, and 5: mutant T56). Unexpectedly, this mutant still exhibits a close to wild-type sensitivity to TSH, making it a dual speci®city receptor recognizing equally well TSH and hCG (Figure 3C and D) . With the aim to loose recognition of TSH, while keeping the gain of function towards hCG, we exchanged nearly all the X 2,3,4,5 residues of the TSHr with their LH/CGr counterparts. The resulting mutant, T90, combining the eight amino acid mutations of T56, plus 12 additional substitutions, has completely lost responsiveness to TSH, while showing sensitivity and af®nity for hCG identical to that of the wt LH/CGr (Figures 3C and D, and 5) .
Analysis of the eight residues of the TSHr implicated in the gain of sensitivity to hCG To explore whether the gain of sensitivity of the TSHr mutants towards hCG was due to the establishment of new interactions or loss of repulsion, we mutated individually to alanine the eight residues of TSHr identi®ed above. In the same vein, residue K58 was also mutated to Arg or Asp. The detailed results and interpretation of their effects are presented in Supplementary data (®gure 1 and table I). In summary, they stress the importance of our gain-offunction screening strategy for the study of recognition speci®city in duplicated gene families. Indeed, depending on the residue involved, Ala mutants presented no (e.g. E61,Y82), lower (e.g. Y206, K209), the same (e.g. K58, I85, N208) or a better (e.g. R80) gain of sensitivity towards Figure 1B and C, only the X residues are represented to better visualize the inner cusp of the ectodomain that putatively faces hormones and the possible interactions between side chains of these amino acids. Numbering starts from the ®rst amino acid of the signal peptide of each receptor.
hCG, when compared with substitution by the homologous residue of LH/CGr.
Residue X 5 of LRR 7 (K209 in TSHr, E206 in LH/CGr) deserves special attention. Its substitution in TSHr for the corresponding LH/CGr residue (K209E, mutant T11) produced the strongest gain in sensitivity to hCG for a single mutant ( Figure 4A and Table I ). At the same time, the mutant displayed a severe loss of sensitivity to TSH ( Figure 4C ). These effects are probably due to charge reversal, since mutation K209A (mutant T45) was two to three times less effective than K209E, for both the gain of sensitivity to hCG and the loss of sensitivity to TSH ( Figure 4B and C). In addition, the reciprocal mutation in LH/CGr (E206K) causes an important loss of sensitivity and binding to hCG ( Figure 4D and Supplementary ®gure 2). Together, these results suggest that X 5 of LRR 7 is involved in an electrostatic interaction of opposed charges in the TSH±TSHr and hCG±LH/CGr hormone receptor complexes.
Transformation of FSHr into LH/CGr
The same screening strategy was applied to the FSHr. However, as no X 1 residues appeared to be involved in the gain of sensitivity of the TSHr mutants towards hCG, we restricted mutagenesis to X 5 and X 2,3,4 residues (respectively as single residue and three-at-a-time mutants). It must be noted that the wt FSHr is slightly sensitive to puri®ed and recombinant hCG (for concentrations >30 IU/ ml and 100 IU/ml, respectively) (see Figures 6 and 7 and Schubert et al., 2003) and that it is moderately less permissive than TSHr to mutation, for its expression at the cell surface (see Figures 6 and 7 and data not shown).
In contrast to the observation made for the TSHr, we found only two residues of FSHr that, upon substitution with their LH/CGr counterpart, gave a gain of sensitivity towards hCG: K104N and K179G (see Figure 6A and D). Individually the effect of each mutation was much stronger than in the case of the TSHr. However, here also, the effects of the two mutations were additive and the double mutant, F26, displays dual speci®city. It retains near normal sensitivity to FSH ( Figure 6B and D), while becoming highly sensitive to hCG (Figure 6A and D) . Surprisingly, in competition binding assays, the F26 mutant displays an af®nity for hCG eight times higher than the wt LH/CGr ( Figure 5 ). The reason for this discrepancy between sensitivity and af®nity is not clear. Current models suggest that activation of the serpentine portions of glycoprotein hormone receptors would be exerted by an activated conformation of the ectodomain (Sangkuhl et al., 2002; Vlaeminck-Guillem et al., 2002) . It is thus conceivable that F26 ectodomain would be slightly crippled in its ability to achieve the fully activating conformation, while displaying strong binding capacity.
Analysis of the two residues of the FSHr implicated in the gain of sensitivity to hCG To better understand the molecular mechanisms implicated in the gain of sensitivity of FSHr mutants to hCG, we mutated individually the two Lys in several residues (see Table I . Identi®cation of eight residues of TSHr conferring individually a gain of sensitivity towards hCG Figure 7 and Supplementary data). These mutations are of interest because they show clearly that speci®city could be achieved by different molecular mechanisms. For position 104, it is the absence of an Asn that is of importance to avoid promiscuous stimulation of the FSHr by hCG ( Figure 7A ), while in position 179, it is the presence of a large, preferably basic residue ( Figure 7B ). Figure 8A and B shows results representative of unrestrained molecular dynamics simulations of the LRR portions of TSHr, LH/CGr and FSHr ectodomains, performed in water (see Material and methods). A detailed analysis of these simulations is presented in Supplementary data. We will only discuss here the most salient features. The numerous charged residues inside the horseshoe form a network of polar interactions (represented as arrows in Figure 8A ). The resulting molecular electrostatic potential at the accessible surface of the models is represented in Figure 8C for the wild-type receptors (see Material and methods). In LH/CGr, the most salient feature is the presence of an`acidic groove' (coloured in red) in the centre of the LRRs, created by the free acidic side chains of E154, D157 and E206. For TSHr, in contrast, the centre of the LRRs appears positively The effects of the eight residues found to be sensitive to hCG (see text and B) are additive: T28 has one residue, T50 three, T53 and T54 ®ve, T55 six and T56 eight residues mutated (see E for details). (B) Schematic representation of the LRR portion of TSHr with the eight residues giving a gain of function towards hCG highlighted. (C and D) T56 is as sensitive to hCG as the wt LH/CGr and nearly as sensitive to hrTSH as the wt TSHr. T90 (with the same eight mutated residues as T56, plus 12 others, see E) is as sensitive to hCG as the wt LH/CGr, but does not respond to hrTSH. (E) Short table summarizing the data shown in the ®gure. Column 1, code name of the mutants; column 2, full description of the mutants, with numbering as in Figure 2 ; column 3, indication of the LRR b-strand bearing the mutations; column 4, amount of mutant receptors present at the surface of transfected COS cells (as percentage of wild type, see Materials and methods); column 5, EC 50 values in IU/ml for stimulation by hCG of mutant TSHr sensitive enough to obtain a plateau; column 6, EC 50 values in mIU/ml for stimulation by hrTSH of mutant TSHr sensitive enough to obtain a plateau. *A single measurement was performed; **two measurements were performed (result expressed as mean T range of duplicates). ND, EC 50 not determined because concentration±action curve does not reach a plateau of maximal stimulation.
Molecular dynamics simulations of the extracellular domain of the LH/CG, TSH and FSH receptors
charged, due to the presence of R80, R109, K183 and K209, which completely shield the acidic residues E107, E157 and D160 ( Figure 8C, left panel) . In FSHr, the simulation predicts that the negative area existing in the vicinity of E154 in the LH/CGr is also present around residue D150 (compare middle and right panels in Figure 8C ). However, in contrast to LH/CGr, the bottom part of LRRs 5±7 of FSHr is positively charged due to the presence of K104, K179 and R227, which hide the acidic residues D153 and D202 (see right panel of Figure 8C ).
In search of a structural characteristic common to the three constructs displaying promiscuous sensitivity to hCG (T56, T90 and F26 mutants), we noted that, for all of them, the simulations predicted the presence of an`acidic groove' reminiscent of the situation in the wt LH/CGr ( Figure 8C and E). For T56 and T90 mutants ( Figure 8E , left and middle panels), this results from the presence of the free side chains of E157, D160 and E209, which is secondary to the replacement of residues in the seventh LRR. For the F26 mutant, the K104N and K179G substitutions generate the missing negative area at the bottom part of LRRs 5±7 , properly mimicking the`acidic groove' observed in the LH/CGr. Together, these simulations predict that an acidic groove located in the middle portion of the LRR domain constitutes an important structural determinant for the normal or promiscuous interaction of hCG with the glycoprotein hormone receptors.
Loss of function mutants
In the last part of this study, we tested some of our mutants for loss of function towards their natural agonists, which allowed identi®cation of several residues potentially implicated in homologous recognition. Thereafter, for TSHr and FSHr, we tested whether these residues, when introduced in the corresponding position of another receptor, would confer a gain of sensitivity to TSH or FSH, respectively. Brie¯y, these experiments demonstrate that different portions of the concave surface of the horseshoes are important in the three receptors for sensitivity to their natural agonists: (i) for LH/CGr, X 3,4,5 residues of LRR 7 ; (ii) for TSHr, X 2,3,4 residues of LRR 3 and LRR 9 and X 5 residue of LRR 7 ; (iii) for FSHr, X 5 residue of LRR 1 . The detailed pertinent results of these experiments are presented as Supplementary ®gures 2±4. In addition, mutations centred on residue X 5 of LRR 1 suggest that FSHr and TSHr receptors would be functionally closer to each other than FSHr and LH/CGr (Supplementary ®gure 4) . This suggests that FSHr and TSHr could have evolved from a more recent common ancestor and parallels functional data obtained with the hormones (Campbell et al., 1997; Grossmann et al., 1997; Li and Ford, 1998) .
Discussion
Combining molecular modelling, sequence conservation information and mutagenesis, we have identi®ed key residues implicated in the speci®city of hormone recognition by glycoprotein hormone receptors. Our strategy was built on the premise that both the receptors and the hormones are encoded by paralogous genes, which suggested that the ligand binding process would be similar for all hormone±receptor couples. The available structural models of the ectodomains of the glycoprotein hormone receptors were used to predict which amino acids in the LRRs must be exchanged between receptors to alter hormone speci®city. Substitution of eight and two residues of TSH and FSH receptors, respectively, by their LH/CGr counterparts causes a gain of sensitivity towards hCG, without altering signi®cantly sensitivity to TSH or FSH. This is a strong indication that the current molecular models of the LRR portion of glycoprotein hormone receptors must be reasonably accurate (Jiang et al., 1995; Kajava et al., 1995; Bhowmick et al., 1996) . The effects of individual mutations are additive, yielding mutant receptors displaying sensitivity to hCG comparable to that of the LH/CGr, but keeping normal sensitivity to their natural agonist (i.e. receptors with dual speci®city). In order to completely invert recognition speci®city of the TSHr (i.e. making it sensitive to hCG, while losing sensitivity to TSH), it was necessary to introduce 12 additional mutations in the LRRs (mutant T90, Figure 3) , which means that evolution targeted different residues of the individual receptors to achieve recognition speci®city.
Additional site-directed mutagenesis experiments and molecular dynamics simulations showed the importance of an`acidic groove' in the centre of the LRR domain of the receptor/mutants displaying high sensitivity to hCG (wt LH/CGr, T56, T90 and F26 mutants). This acidic groove is created by three free acidic residues in positions X 3 and X 5 of LRR 5 and X 5 of LRR 7 . Together with previous studies (Bhowmick et al., 1996 (Bhowmick et al., , 1999 Smits et al., 2002) , our results suggest that these residues could be`energetic hot spots' (Clackson and Wells, 1995; Chen and Shapiro, 1997) , i.e. those with an important energetic contribution to the formation of the hCG±receptor complex, for which it is tempting to identify the partners in hCG.
Our data suggest that X 5 of LRR 7 (K209 in TSHr, E206 in LH/CGr) is involved in an electrostatic interaction of opposed charges in TSH±TSHr and in hCG±LH/CGr complexes (Figure 4 ). Gain-of-function mutagenesis studies of glycoprotein hormones (Dias et al., 1994; Moyle et al., 1994; Campbell et al., 1997; Grossmann et al., 1997) have shown that the`determinant loop' (Figures 1D and 8D ) of hCG harbours determinants of luteotropic activity whereas those of TSH, or FSH, both confer thyrotropic activity. Interestingly, the determinant loop of hCG has two Arg (R94 and R95), while TSH and FSH have acidic residues in these positions (D110 and D93, see Figure 8D ). This makes the electrostatic surface of this part of the determinant loops positive in hCG and negative in FSH and TSH (Lapthorn et al., 1994; Szkudlinski et al., 1996; Fox et al., 2001) . Accordingly, we propose that this portion of the determinant loop of glycoprotein hormones would face residue X 5 of the seventh LRR of their receptors.
Next, we considered the residue in position X 3 of the ®fth LRR (E157 in TSHr, E154 in LH/CGr and D150 in FSHr), as it is conserved in all known glycoprotein hormone receptors and could play a role in the interaction of hCG with LH/CGr (Bhowmick et al., 1996) . In Smits et al. (2002) , we showed that the gain of sensitivity to hCG of K183 TSHr mutants resulted from the release of the side chain of E157 from an ionic interaction with K183, making it available for interaction with hCG. We observe now that these K183 TSHr mutants display also a 5-to 7-fold increase in sensitivity to human recombinant TSH (hrTSH) when compared with the wt TSHr (see Supplementary ®gure 6). These results suggest that a free acidic side chain in position X 3 of the ®fth LRR could face a positive charge common to TSH and hCG (and possibly FSH) in hormone±receptor complexes. The observation that, in the TSHr, the negative charge in position X 3 of the ®fth LRR (E157) is neutralized, suggests that the receptor may have`sacri®ced' part of its af®nity for TSH to`minimize' promiscuous interaction with the other glycoprotein hormones. It is tempting to view this as a general evolutionary mechanism contributing to the establishment of recognition speci®city in multigenic families of agonists and receptors submitted to homeostatic regulation. Indeed, in the case of the glycoprotein hormones and their receptors, for example, the negative feedback loops characteristic of the hypothalamic± pituitary±end organ axis, would allow for the independent adjustment of the binding af®nity of each agonist±receptor couple.
The negative determinant theory (Moyle et al., 1994) contends that speci®city of hormone±receptor recognition in duplicated gene families is achieved mainly by repulsive residues. Our results demonstrate that speci®city of agonist recognition by glycoprotein hormone receptors is actually achieved by a combination of different molecular mechanisms. This is nicely illustrated by the following examples of single residue mutants: (i) only an asparagine substitution for lysine in position 104 of the FSHr increases sensitivity to hCG, suggesting that a speci®c interaction is established; (ii) a basic residue in position 179 of the FSHr (the wild-type lysine, or an arginine substitution) is required to avoid promiscuous activation by hCG, suggesting that an electrostatic repulsive mechanism is at work here; (iii) the X 5 residue of LRR 7 is attractive for hCG and repulsive for TSH when it is acidic, as in the LH/CGr (E206); in contrast, the same residue is attractive for TSH and repulsive for hCG when it is basic, as in the TSHr (K209).
The observation that limited structural changes in the FSHr can lead to a receptor with dual speci®city, recognizing both FSH and hCG, may have medical implications. Natural mutations affecting codon 104 of the FSHr could generate a K104N mutant displaying responsiveness to hCG (see Figure 7) , while still responding normally to FSH ( Figure 6D ). Spontaneous ovarian hyperstimulation syndrome (Schenker, 1999) , could well be caused by such a mutation, since its phenotype would be readily explained by the promiscuous hyperstimulation of a mutated FSHr by hCG during the ®rst trimester of pregnancy.
Our ability to switch with relative ease recognition speci®city between glycoprotein hormones receptors underscores the notion that evolution has ideally shaped E154, D157 and E206) and FSHr is acidic in its N-terminal portion and around D150, but is positively charged in the C-terminal region and in the region of all the X 5 residues. Row D: amino acid sequence and detailed view of the seat-belt portion of the b-subunit (in red) of the TSH model (the structure was obtained by comparative modelling from the 1HCN structure), the crystal structure of hCG (PDB entry 1HCN) and the crystal structure of FSH (1FL7). The side chains of the residues putatively involved in the interaction with the receptors are drawn in ball-and-stick format. Row E: electrostatic potential maps of the T56, T90 and F26 mutants (representative structures are shown in Supplementary ®gure 5). In contrast to wt TSHr and FSHr, and in common with the wt LH/CGr, the T56, T90 and F26 mutants display an acidic groove in the lower central portion of the LRRs, generated by E157, D160 and E209 in T56 and T90, and by D150, D153 and D202 in F26 (see text for details) .
the LRR motifs to achieve versatile molecular recognition in phenomena as diverse as hormone action, development and innate immunity (>2500 entries in Trembl/Swissprot databases) (Kobe and Kajava, 2001) . Although the ®nal word on the structure of ligand±receptor complexes will obviously need to wait for crystallographic data, the present study indicates that our screening strategy, associated with molecular modelling, allows identi®cation of residues with functional signi®cance (Chen and Shapiro, 1997; Schreiber, 2002) in the recognition mechanisms involving the large LRR superfamily. Finally, our results illustrate the power of the gain-of-function approach in the study of structure±function relationships in duplicated gene families.
Materials and methods
Reagents
Plasmid pBluescript SK+ was from Stratagene (La Jolla, CA, USA); plasmid pSVL from Amersham Pharmacia Biotech (Roosendaal, The Netherlands); restriction enzymes from Life Technologies (Merelbeke, Belgium) and New England Biolabs (Beverly, MA, USA); Pfu Turbo polymerase from Stratagene. Monoclonal antibody (Mab) BA8 (Costagliola et al., 1998 ) is directed against a conformational epitope on the TSHr ectodomain. Mab 16B5 and 5B2 were obtained by genetic immunization (Costagliola et al., 1998) Construction of the TSHr, LH/CGr, FSHr mutants Mutations were introduced in the hTSHr, hLH/CGr or hFSHr by site mutagenesis as described previously (Vlaeminck-Guillem et al., 2002) . The primers are available upon request. The appropriate mutated portions of SK+ hTSHr mutants were subcloned in pSVL-hTSHr cDNA (between XhoI and XbaI sites). An EcoRV site was introduced at position 1065 (GACATT®GATATC) of the SK+ hLH/CGr cDNA allowing the subcloning of the PCR-generated extracellular part of LH/CGr mutants upstream of a wild-type serpentine portion in pSVL-hLH/CGr cDNA. The natural XbaI site in position 665 of hFSHr cDNA was eliminated to allow its cloning in pSVL between XhoI and XbaI sites. The appropriate mutated portions of SK+ hFSHr mutants were subcloned in the pSVLhFSHr cDNA using natural restriction sites. The strategy of construction of each mutant is available upon request. All constructs were ampli®ed in DH5aF¢ competent cells and recombinant DNA from selected clones was puri®ed and sequenced for con®rmation of the sequences of the PCRgenerated areas.
Transfection experiments COS-7 cells were used for all transient expression experiments, which were performed according two protocols. The ®rst`standard protocol' (Vlaeminck-Guillem et al., 2002) was used for bindings, stimulations by puri®ed hCG in screening steps and for testing single residue TSHr mutants. Brie¯y, 300 000 cells were seeded in 3.5 cm culture dishes at day 1, and transfected at day 2 by the DEAE±dextran method, as described previously (Vlaeminck-Guillem et al., 2002) . Two days after transfection, cells were used for cAMP determinations and¯ow immunocyto¯uorometry (see below). The second,`24 well' protocol was used for all other experiments, with the aim of minimizing the amount of hormones. Brie¯y, 2 million cells were seeded in 10 cm dishes at day 1 and transfected at day 2 as described above. At day 3 cells were trypsinized, detached and centrifuged at 700 g for 2 min. They were suspended in 16 ml of culture medium and seeded (1 ml/well) in 24 well plates (Nunc Brand Products, Sanbio b.v., Uden, The Netherlands). At day 5, cells were used for cAMP determinations and¯ow immunocytouorometry. Duplicate dishes were used for each assay. Cells transfected with pSVL alone were always run as controls.
Quanti®cation of cell surface expression of TSHr, LH/CGr, FSHr constructs by FACS Expression of TSHr, LH/CGr, FSHr and the various mutants was quanti®ed at the surface of COS-7 cells by¯ow imunocytometry, exactly as described previously (Costagliola et al., 1998) , with the panel of monoclonal antibodies described under the`Reagents' section. Thē uorescence of 10 000 cells per tube was assayed by a FACScan Flow cyto¯uorometer (Becton Dickinson, Eerenbodegem, Belgium). Cells transfected by pSVL alone and by pSVL-hTSHr, hLH/CGr or hFSHr wt cDNA were always run as negative and positive controls, respectively.
Determination of cAMP production
For cAMP determinations, culture medium was removed 48 h after transfection and replaced by Krebs±Ringer±HEPES buffer (KRH) for 30 min. Thereafter, cells were incubated for 60 min in fresh KRH supplemented with 25 mM of the phosphodiesterase inhibitor Rolipram (Laboratoire Logeais, Paris, France) and graded concentrations of the various hormones. The medium was discarded and replaced with HCl 0.1 M and the extracts were dried under vacuum, resuspended in water and diluted appropriately for cAMP measurements according to Brooker et al. (1979) . Duplicate samples were assayed in all experiments; results are expressed in pmol/ml. Concentration±action curves were ®tted with Prism v3.03 (GraphPad Software, Inc., San Diego, CA, USA).
Binding
Ligand binding was measured on COS-7 cells transfected according to thè standard protocol' by wild-type or mutant receptor constructs. Cells were incubated at room temperature in 1 ml of modi®ed Hanks' buffer without NaCl (isotonicity maintained with 280 mM sucrose), supplemented with 2.5% low fat milk, [ 125 I]glycoprotein hormone (120 000 c.p.m.) and graded concentrations of cold glycoprotein hormones. Incubation was for 4 h for [ 125 I]TSH, and overnight for [ 125 I]hCG or [ 125 I]FSH. Thereafter, the cells were rapidly rinsed with the same ice-cold buffer, solubilized with 1 ml 1 N NaOH, and radioactivity was measured in a g counter. All experiments were carried out in duplicate and results are expressed as c.p.m. bound.
Molecular modelling and molecular dynamics simulations of the extracellular domain of the TSHr, LH/CGr and FSHr
The atomic coordinates of the extracellular domain of the TSHr (Kajava et al., 1995) , constructed from the structure of the porcine ribonuclease inhibitor (Kobe and Deisenhofer, 1993) , were used in the simulations. The backbone of the LH/CGr was constructed from the TSHr coordinates, replacing the VYSG 227 loop of the TSHr by the ATG 223 loop of LH/CGr, using the WDN 402 coordinates of endoglucanase D (PDB entry 1CLC). The backbone of the FSHr was constructed from the LH/CGr model, replacing the SSESNF 151 loop of the LH/CGr by the SLQKV 147 loop of FSHr, using the EFVEG 67 coordinates of transthyretin (1TTB). SCWRL-2.1 was employed to add the side chains of the non-conserved residues based on a backbone-dependent rotamer library (Dunbrack and Cohen, 1997) . Molecular models for the mutant receptors were built from these coordinates by amino acid replacement. The resulting structures were placed in a rectangular box containing Monte Carlo-equilibrated TIP3P water molecules. The periodic boxes were~75 Q 50 Q 50 A Ê , and contained between 3956 and 4205 water molecules in addition to the extracellular domain. Initially, the atoms of the receptor were kept ®xed whereas the water molecules were energy minimized (500 steps). Subsequently, the entire systems were energy minimized (500 steps), heated (from 0 to 300 K in 15 ps), equilibrated (15±200 ps), and the production run (200±500 ps) was carried out at constant pressure using the particle mesh Ewald method to evaluate electrostatic interactions (Darden et al., 1993) . Structures were collected every 5 ps during the last 300 ps of simulation (60 structures per simulation). The molecular dynamics simulations were run with the Sander module of AMBER 5 (Pearlman et al., 1995 and http://www.amber.ucsf.edu/amber) , the allatom force ®eld (Cornell, 1995) , SHAKE bond constraints in all bonds (Ryckaert et al., 1977) , a 2 fs integration time step and constant temperature of 300 K coupled to a heat bath. The molecular electrostatic potentials on the accessible surface of representative structures were calculated and displayed with GRASP (Nicholls et al., 1991 and http:// trantor.bioc.columbia.edu/grasp), using the Cornell atomic charges (Cornell, 1995) , with the colour scale going from ±4 (red) to +4 (blue).
Supplementary data
Supplementary data are available at The EMBO Journal Online.
